Introduction
All mechanically ventilated paediatric patients are at risk of developing ventilator induced lung injury (VILI) and while mechanical ventilation may be lifesaving, a proportion of these children will acquire a degree of lung injury as a direct result of the ventilation strategies employed by the clinician. 1 Mechanical ventilation strategies are continuously evolving but never more so than following the American-European Consensus Conference, ARDSNet lung protective recommendations. 2 These lung protective ventilation strategies (LPVS) were developed post large, multi-site randomised trials in adults. 2, 3 Low tidal volumes, adequate PEEP, minimal peak pressures and minimal FiO 2 are now considered standard practice. 2, 3 These recommendations have been universally extrapolated to paediatrics, possibly due to the paucity of paediatric data. A retrospective cohort study by Halbertsma and colleagues in paediatrics did demonstrate a correlation between high tidal volume ventilation and a reduced oxygenation ratio (P/F) which is consistent with the findings of the ARDSNet study. 4 Ultimately, irrespective of how gently we treat the paediatric lung, iatrogenic harm still occurs. 1 Lung recruitment is considered an adjunct to LPVS and in part addresses the chronic derecruitment that occurs secondary to low tidal volume ventilation. 5, 6 This chronic derecruitment coupled with the acute derecruitment that occurs with each circuit disconnection contributes to the incidence of VILI. This review aims to assess the evidence for lung recruitment in mechanically ventilated paediatrics.
A literature search was undertaken in 2014. Databases searched included Medline, Embase, Lilac, Central register for Cochrane reviews and Cinahl. The search yielded 70 abstracts. Following a review of the abstracts 8 relevant, paediatric papers were identified. The paediatric literature is referred to in the first instance. In the absence of paediatric literature, adult and experimental literature is considered.
What is lung recruitment?
Lung recruitment is a deliberate strategy to increase transpulmonary pressure; to maximise the number of alveoli participating in gas exchange. 7 The aim of lung recruitment is to recruit all recruitable alveoli and minimize atelectic regions of the lung. It can be achieved by either a sustained inflation (SI) or by briefly increasing positive end-expiratory pressure (PEEP). These methods aim to overcome alveolar threshold opening pressures and/or overcome alveolar threshold closing pressures. Table 1 lists the current evidence of lung recruitment in paediatrics. A c c e p t e d M a n u s c r i p t
Whose lungs do you recruit?
The process of lung recruitment is applicable to mechanically ventilated children and those undergoing general anaesthesia. Studies have been undertaken in both of these populations. Children, because of developmental differences may benefit most from lung recruitment; physiologically immature lungs differ significantly from adult lungs. At term, neonatal lungs possess only 25% of their alveolar potential with a rapid increase in number in the first two years of life and the interalveolar connections of Kohn's pores are absent. 8, 9 Diaphragmatic muscle fibre fatigue is rapidly acquired as only 25% of muscle fibres are the fatigue resistant Type I -slow twitch fibres, compared to 50% at 8 months of age. 9 Additionally, the diaphragmatic angle is almost horizontal rendering it less efficient in terms of contractility and oxidative capacity. 9 By approximately two years of age, chest wall and lung compliance is similar to adults however, older infants and children continue to have a significantly smaller airway radius in proportion to their weight, less elastic retraction force, and a lower relaxation volume. [10] [11] [12] These factors all combine to predispose infants and children to atelectasis and hence an increased risk of VILI. Subsequently these populations show potential to benefit most from lung recruitment. In terms of lung disease severity, which patients do you recruit? Using clinically standard oxygenation ratios to crudely define the status of lungs; healthy lungs (PaO 2 /FiO 2 {P/F} ratio) ≥300, acute lung injury (ALI) of 201-300 and acute respiratory distress syndrome (ARDS) ≤200; which of these cohorts benefit from lung recruitment? Two studies have been undertaken on children with healthy lungs undergoing scheduled general anaesthesia. 13, 14 Both of these studies demonstrated the benefit of lung recruitment in the healthy lung in terms of improved compliance and a reduction in atelectasis. 13, 14 A study by Boriosi and colleagues using incremental PEEP in children demonstrated an overall improvement in oxygenation that was sustained for 12 hours in children with ALI/ARDS. 15 Further subgroup analysis on the ALI population from this study demonstrated an improvement in EEL and P/F ratio post recruitment as well as a significant reduction in PIP. 16 A study by Duff and colleagues in children with varied respiratory status demonstrated a significant and sustained reduction in FiO 2 requirement for up to 6 hours post a SI manoeuvre. 17 Another study using SI as a means to recruit lungs in combination with a stepwise recruitment manoeuvre reversed substantial atelectasis in dependant regions of the lung as measured by Electrical Impedance Tomography (EIT) which was also associated with improvements in gas exchange. 18 No recruitment studies have been undertaken exclusively in children with ARDS however a study by Wolf and colleagues demonstrated the significant loss of global and regional lung volume post endotracheal suctioning in children with ARDS as measured by EIT. 19 Potentially those children with ARDS have the most to gain from lung recruitment. In adults, a number of studies have demonstrated a positive benefit of lung recruitment in patients with ARDS. A clinical study by Dyhr and colleagues used two hyperinflations to 45cmH2O, held for 20s with an interval of 60seconds in patients with ARDS post-suctioning. 20 They found that the use of a recruitment manoeuvre, when combined with adequate ongoing PEEP, improved both oxygenation and EELV.
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There is the potential that some children will be non-responders to lung recruitment and that the lung recruitment may in fact simply overdistend already recruited alveoli particularly in proximal regions. This was demonstrated in the study by Wolf and colleagues as the reversal of atelectasis in dependant regions was accompanied by considerable overdistension in nondependent lung regions. 18 This overdistension may contribute to barotrauma and subsequent VILI. 18, 19 Children may be more susceptible to overdistension than adults due to their compliant chest wall. 21, 22 In an experimental study, hyperinflated regions of the lung shifted to normally aerated areas at PEEP levels of 8cmH 2 O (mean of 30% decrease) and yet hyperinflated areas still appeared at zero end expiratory pressure. 23 Hyperinflation of easily distensible regions of the lung is an acknowledged limitation of recruitment manoeuvres. 18, 20, [22] [23] [24] How to recruit lungs?
Various methods of lung recruitment have been studied in paediatrics but typically they involve either sustained inflations or manipulating PEEP. A recent study involved incremental increases in PEEP; an open lung strategy. 15 PEEP is used to maintain alveolar patency and stability at end-expiration but during tidal ventilation is usually set at a level insufficient to overcome the threshold opening pressure of atelectic alveoli. [25] [26] [27] Increasing PEEP effectively allows the clinician to manipulate the functional residual capacity (FRC) and thereby minimise physiological deadspace, improving ventilation/perfusion mismatch and decreasing shunt fraction. 6, 12, [28] [29] [30] Boriosi and colleagues chose this method of recruitment to assess the safety and efficacy of the open lung tool in paediatrics. Ultimately they used a modified version but found that oxygenation improved and peak inspiratory pressures were significantly reduced by 17% up to 12 hours post recruitment. 15, 16 Incremental increase in both Peak Inspiratory Pressure (PIP) and PEEP has been shown to result in improved gas exchange, tidal volume (V t ), EELV, oxygenation and lung compliance in ventilated adults. [31] [32] [33] [34] Sustained inflations (SI) or inspiratory holds recruit alveoli via a combination of factors -the plateau pressure achieved and the duration of time maintained at that pressure. SI's are reported within the literature as ranging from 25-60cmH 2 O and held for a period of 10-30 seconds. 14, 17, 18, 20, [35] [36] [37] This is achieved by using the Continuous Positive Airway Pressure (CPAP) setting on the ventilator, the 'inspiratory hold' feature or manually by using anaesthetic bagging circuits. 17, 18, 34, 36, 37 Irrespective of technique, the purpose of the SI is to maintain an elevated plateau pressure for a period of time greater than that achieved with tidal breathing. A few studies have investigated the use of lung recruitment in paediatrics using the SI method. The safety and efficacy of using a SI of 30-40cmH 2 O in paediatrics has been established in one study when the SI was maintained for 15-20 seconds following circuit disconnection, suction, desaturation and/or routinely every 12 hours with positive results in terms of oxygenation. 17 Another study in a PICU setting used a SI to 30cmH 2 O for 30 seconds post endotracheal suctioning. 36 The study design differed from similar studies in that there was a five-minute delay between suctioning and the lung recruitment manoeuvre and the SI was achieved using an anaesthetic bag which necessitated disconnection and then reconnection to the ventilator circuit. 36 The authors concluded that the evidence did not support recruitment manoeuvres; that dynamic M a n u s c r i p t compliance was not improved post lung recruitment. The authors acknowledged that given the loss of EELV attributed to the disconnection of the circuit that any gains achieved from the recruitment manoeuvre could be reduced. 36 Another clinical study in healthy children undergoing anaesthesia measured the extent of atelectasis induced by an FiO 2 of 1.0 and the rate of recruitment with a single SI procedure. 13 The results showed a significant rerecruitment of atelectatic alveoli at pressures of 25-30cmH 2 O. 13 This study used what they refer to as a TRIM -a timed re-expansion inspiratory manoeuvre -involving a constant pressure of 30cmH 2 O for 10seconds which resulted in significantly higher pulmonary compliance and lower airway resistance than the control group.(P<0.0001). 13 Other studies have also demonstrated significant improvements in compliance post recruitment and in some instances oxygenation. 33, 34, 37, 38 An alternative lung recruitment strategy is to use the inflexion points of the PressureVolume (P-V) curve derived from ventilatory software. P-V curves can be used as a tool to manage ventilation and recruitment as they describe the viscoelastic characteristics of the lung. 13 There is a general consensus in the literature that opening of lung units occurs along the entire length of the inspiratory limb of the P-V relationship. [37] [38] [39] [40] The effectiveness of PEEP in recruiting alveolar tissue correlates with the value of the Lower Inflexion Point (LIP). 13, [40] [41] A range of ventilators have software suitable to measure P-V curves. A method of determining an appropriate figure for SI was calculated by Qiu and colleagues based upon 5 X Mean Airway Pressure (MAP). 42 This method provided optimal recruitment as measured by oxygenation, pulmonary dynamics, haemodynamics and lung histology in an experimental study by Lindgren and colleagures. 42 Some clinicians use the Upper Inflexion Points (UIP) and LIP's to establish optimal PEEP and/or optimal recruitment. Two studies have confirmed the effective use of PV loops to reflect recruitment above the LIP and below the UIP in adult populations. [41] [42] However a study by Pestana and colleagues found that P-V curves rarely reflected recruitment manoeuvres in ARDS patients which they suggest limits their application in the clinical setting as a measure of recruitment efficacy or as a guide to manage ventilation. 43 Two studies caution clinicians against using inbuilt ventilator P-V software as they had significant deleterious results in their research. [44] [45] [46] [47] P-V loops may provide clinicians with data regarding lung aeration yet do not distinguish between hyperinflation and recruitment and provide no information in regard to distribution of ventilation. 46 Due to the heterogeneity of the techniques used to conduct lung recruitment it is not possible to pool the data for further analysis.
When do you recruit lungs?
Paediatric patients rely heavily upon their FRC to maintain airway and alveolar patency; this FRC steadily diminishes with the use of LPVS. 6, 12 During positive pressure ventilation there is an inhomogeneous distribution of gas, although the distribution of alveolar opening pressures is deemed Gaussian. 9 Duff and colleagues routinely conducted lung recruitment M a n u s c r i p t twice daily to address the progressive de-recruitment associated with LPVS. 17 Airway pressure release, subsequent to circuit disconnection, results in a sudden and profound loss of FRC. 36, 42 A number of studies have been conducted in adults demonstrating the significant losses associated with circuit disconnection and the application of suction to the airways. [48] [49] [50] One paediatric study compared open and closed suction and the impact on lung volume. 51 Choong and colleagues demonstrated using inductive plethysmography that the greatest loss of lung volume is related to disconnection from the circuit and subsequently recommended the use of closed suction units. 51 However a number of studies have cautioned clinicians about negative pressures associated with the use of closed suction units and a reduction in secretion clearance particularly in paediatrics. [52] [53] [54] Consequently, the use of closed suction systems, at least in the paediatric population, remains questionable. In addition, saline instillation exacerbates gas maldistribution and worsens de-recruitment by increasing threshold opening pressures. [51] [52] Recent studies measured the impact of various suctioning methods and modes of ventilation and found that irrespective of ventilation mode, or whether open or closed suctioning was used, a significant loss of FRC occurred. [48] [49] [50] [51] In a study by Lindgren et al, FRC as measured by EIT decreased by 58±24% of baseline after disconnection of the endotracheal tube and a further 22±10% during open suction itself. 50 It is probable that some form of recruitment manoeuvre may be necessary to attenuate the impact of LPVS, particularly after circuit disconnection and the application of suction.
What benefit is there to using lung recruitment? Oxygenation
A number of studies have explored the impact of lung recruitment on oxygenation in the paediatric population. Boriosi and colleagues noted a P/F ratio increase of 53% (p< .01) in children post lung recruitment that was sustained for up to 12 hours. [15] [16] Duff and colleagues found a reduced oxygen demand for up to 6 hours post a sustained inflation lung recruitment manoeuvre. 17 In adults several studies have demonstrated a beneficial effect on oxygenation assuming adequate baseline PEEP is present. 7, 20, 34, 44, 55 
Lung volume
Both CT and EIT have been used in studies to measure lung volume post recruitment in paediatrics. A study by Wolf and colleagues uses EIT to measure the impact of a combined SI and incremental PEEP manoeuvre on end expiratory lung volume in ventilated children diagnosed with ALI. 18 In their analysis they clearly identified responders and non-responders to lung recruitment. 18 The children that responded to the recruitment were characterised by resolution of atelectasis in the most dependant regions of the lungs by 17% ± 4% (p = .016) plus an improvement in compliance across all regions of the lung. 18 The nonresponders had no discernable reduction in atelectasis in the most dependant regions nor did they have a significant change in compliance. 18 Overdistension was problematic with the incremental PEEP manoeuvre both the responders and non -responders. 18 Three studies measuring lung volume in intubated paediatrics have been performed in anaethetised children with healthy lungs. One such study demonstrated a reduction in atelectic regions when a PEEP of 5cmH 2 O was applied compared to zero PEEP.
A c c e p t e d M a n u s c r i p t study measured the impact of various inspiratory pressures on atelectic regions on children undergoing a CT scan. 35 They found that those children ventilated with higher pressures (30cmH 2 0) had significantly less atelectasis than those ventilated to pressures of 25cmH 2 O. 35 A number of adult studies have measured lung volume using either computed tomography (CT) scans or EIT. A clinical study by Dyhr and colleagues used two hyperinflations to 45cmH 2 O, held for 20s with an interval of 60s in patients with ARDS post-suctioning. 20 They found that the use of a recruitment manoeuvre, when combined with adequate ongoing PEEP, improved EELV. 20 Another study by Gattinoni used CT to measure the positive gains of increased PEEP in reducing atelectic regions and that these gains correlated with oxygenation increases.
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Lung water
The ALI and ARDS lung is typically oedematous. [58] [59] No studies have measured the impact of lung recruitment on total lung water volume in children however a study by Toth and colleagues in adults did conclude that improvements in oxygenation post recruitment was independent of redistribution of extravascular lung water. 60 Another study demonstrated a net alveolar fluid clearance post recruitment which the authors attributed to resorption of alveolar oedema.
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Compliance
Two studies have measured the impact of lung recruitment on compliance. Morrow and colleagues found no improvement in dynamic compliance with their lung recruitment technique using an open ended anaesthetic circuit post endotracheal suctioning in infants. 36 Boriosi and colleagues also found no significant change in compliance. [15] [16] However, Marcus and colleagues found a 30% increase in dynamic pulmonary compliance using Ventrak software post their TRIM manouvre (p <0.01).
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Morbidity
No studies to date have measured the short or long term impact of lung recruitment on morbidity in paediatrics.
Mortality
No studies to date have measured the impact of lung recruitment on mortality in paediatrics.
What harm can lung recruitment cause?
M a n u s c r i p t
Lung recruitment is considered by some clinicians to be controversial. Concerns include the potential for barotrauma, pneumothoraces and the possible contributory factor to both VILI and ventilator associated pneumonia (VAP). 12, 20, 36, 44, 60 Other concerns include the potential to impact negatively on haemodynamics and intracranial pressure. 17 By increasing the intrathoracic pressure during the recruitment manoeuvre an inevitable consequence is a commiserate reduction in venous return and subsequent cardiac output. Additionally, overdistension of alveoli will increase the regional pulmonary vascular resistance and subsequently will decrease regional perfusion. 13 The method of recruitment and the pressures used obviously impacts on the degree of any deleterious impact. An experimental study by Odenstedt and colleagues measured the haemodynamic and lung mechanic side effects of three different recruitment manoeuvres; a vital capacity maneuver to 40cmH2O, a pressure controlled maneuver up to 40cmH2O with a PEEP of 20cmH2O and a slow recruitment with PEEP to 15cmH2O held for 7 seconds. 62 They found that the slow, lower pressure manoeuvre produced less negative lung mechanic side effects and less circulatory depression. 62 The higher pressure manoeuvres produced the greatest lung expansion but the slower, lower pressure manoeuvre produced the greatest improvement in oxygenation. 62 Transient reduction in cardiac output have been noted in experimental studies. 39, [62] [63] [64] [65] There is the potential that lung recruitment may contribute to the barotrauma associated with mechanical ventilation. An experimental study by Frank and colleagues determined the degree of alveolar and lung endothelial injury post a sustained inflation recruitment manoeuvre. 39 While oxygenation and compliance improved with the recruitment manoeuvre those in the recruitment group did appear to have a protected endothelium but there was no reduction in alveolar epithelial injury. 39 One study investigating the potential of harm of lung recruitment has been conducted in paediatrics. Halbertsma and colleagues found that a single sustained inflation recruitment manoeuvre with inspiratory pressures up to ≤45cmH 2 O and PEEP pressures of ≤30cmH 2 O translocated cytokines into the circulation. 66 Translocation of bacteria has been discovered in two studies using pressures in excess of 45cmH 2 O. [67] [68] An adult study investigated the potential of lung recruitment manoeuvres to reduce gastric mucosal perfusion. 69 Measuring gastric mucosal perfusion with laser Doppler flowmetry they found that no significant reduction in perfusion occurred during lung recruitment. 69 Another study produced a marked yet transitory impairment in splanchnic circulation for up to 8 minutes post-manoeuvre.
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Conclusion
Recruitment manoeuvres may be useful in both restoring lung volume post circuit disconnection +/-endotracheal suctioning but also to minimise the chronic derecruitment subsequent to LPVS although insufficient evidence exists to support it's universal application. The various methods of recruiting lungs have as their common goal the prompt restoration of EELV to improve respiratory compliance and oxygenation and to minimise alveolar shearing and subsequent VILI. Recruitment manoeuvres appear most effective when applied following disconnection of the ETT from the circuit and following airway suctioning. Various methods of lung recruitment have been tested. The current evidence does not enable us to reach a consensus as to which method is most effective, nor which patients are most receptive to lung recruitment manoeuvres. Haphazard application of recruitment manoeuvres may cause harm and as such should be individually assessed for M a n u s c r i p t each patient. Whether the consistent use of recruitment manoeuvres will reduce morbidity and mortality associated with mechanical ventilation is yet to be determined. Further research on the efficacy of various recruitment methods and the timing of recruitment in paediatrics is required to inform our clinical practice.
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